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ABSTRACT 



The Rockefeller Electrostatic Generator at M.I.T. was 

used as a aouroe of protons for a study of the (p,n) reaotion 
14 

on C . Two 3 &ev and one 8 Kev targets were employed. The 
Rockefeller Generator is equipped with nuclear resonanoe con- 
trol of the analyzing magnetic field for determining and con- 
trolling the proton beam energy. A long counter was used for 
neutron detection. Nine resonances were found in the proton 
energy range between 1.180 Kev and 3*125 Mev, at 1.165, 1*310, 
1.664, 1.789, 1.883, 2.024, 2.079, 2.272, and 2.451 Mev. The 
proton energy, neutron yield, resonanoe width at ha If -maximum, 

and target thickness of each resonanoe are tabulated. A par- 

15 

tial energy level structure of N in the region between ap- 
proximately 11 to 12.5 Mev above the ground state is oompared 
with the level structure obtained from other sources. 
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INTRODUCTION 



The Interaction of nuclear partloles with nuolel la being 

used extensively In the study of the structure of nuclei* Based 
CL 

on Bohr's hypothesls A nuclear reaotlon usually oan be considered 

as taking place In two steps. The bombarding per tide combines 

with a nuoleus to form an exolted oompound nuoleus whloh then 

deoays either by the emission of a partlole or a gamma ray. In 

14 

the work reported here, a proton combines with the C nuoleus 

15 

to form an excited state of N whloh subsequently disintegrates 
14 

Into N in the ground state with the emission of a neutron. 

The oross-section for the formation of the oompound nuoleus 
is given by Blatt and v/eisskopf (B150) as: 

(1) a# - (2 i* 1) nl 2 

o p p 



where J!. is the angular momentum of the bombarding proton, and 
0 

T is the transmission coefficient of the nuclear surfaoe for 
the proton. The transmission coefficient, T^, gives the per- 
centage of protons lnoident upon the nuoleus whloh will pene- 
trate the potential barrier. The computation of the values 



of T^ for protons is quite oomplioated but is given in some 



detail in (B150). For the present we oonslder only that T. 



/ 



is largest for small values of £ and decreases rapidly as 



increases, 
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The potential barrier surrounding a nucleus for a parti- 
ole of mass m is eiven by Blatt and weisskopf (B150) ast 

(2) ^(r) « V(r ) 4 1) where 

2mr 

V(r) is tbe ooulomb potential at a distance (r) 
from the ©enter of the nuoleus, and 



i) 



2mr" 



is the centrifugal potential. 



The "centrifugal" potential appears in the wave equation re- 
duoed to one-dimensional form and is a fictitious mathematical 
contribution ta the potential barrier for particles which do 
not make head-on collisions with the nuoleus. It should be 
noted that the "centrifugal” potential is zero for protons 
with £- » 0, and the potential barrier for suoh protons is 

14 

merely the coulomb potential. The ooulomb potential of C 
ia oomputed to be 2.38 Mev using equation (3) and taking the 
nuolear radius R * 1.5(10“* 13 )A ly ^ where A - atomio weight 
and Z * atomic number of the bombarded nucleus. 



(3) V(r) 



- Zza 

R 



6(1) (4.8 x IQ" 10 ) 2 



i.5uor 13 A 1//3 



3.82 (10 )~^ergs 



2.38 Mev. 



Bombarding protons (Z » 1) of energies up to 3.5 l«ov were 
used in these experiments. iuantum mechanically low energy 
protons ( 2.38 Mev) have a small but finite probability of 

penetration which Increases exponentially with inorease in the 



3 



energy of the proton. The energy ranges for whioh this is 

true depend on both the height and thickness of the potential 

barrier. Sinoe there is no coulomb barrier for the emission 

of neutrons from the compound nucleus, the barrier penetration 

faotor, T , will be a function only of the "centrifugal 11 barrier 
n 

which varies with the angular momentum of the neutrons in the 
following manner: 



£ 



a 



£ 

n 



0 

1 

2 



1 + 
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where x ** R . ft being the nuclear radius given above and 

An 

being the de Broglie rave length of the emitted neutron divided 
by 2tt. Since there is no "centrifugal" barrier for^“ 0 neu- 
trons, the cros3-seotion for the (p,n) reaction is approxi- 
mately equal to the oross-seotlon for the formation of the 
oompound nuoleus (given on page 1), provided neutron emission 
is energetically possible, i.e., the bombarding proton has an 
energy greater than the (p,u) threshold energy for the target 
nuoleus. 

■Vere it not for the effect of resonances the cross-section 
for the (p,n) reaction v/ould be the product of the cross-section 
for the formation of the compound nuoleus, equation (1), and 



- u - 



the orosa-seotion for the emission of a 



neutron of whioh 



T^ 



n 



forms a part. The familiar Breit-Wigner relation expresses 



this over-all oross-seotion as shown in equation (4): 



(4) a 



nX 2 



(2i* 1) 



0 -i Z 1 pT ! 
3 



where 



X- 



r; 



fa where m is the mass and v the velocity 
2nmv of the incident proton in the center 
of mass system. 

is the half-width for emission of a proton of 
angular momentum £ from the oompound nucleus* 



is the half-width for emission of a neutron, 
of any possible angular momentum or energy. 



r 



G 



£ 

J 



is the total level width, the sum of the 
partial widths of all processes by which the 
oompound nuoleus oan deoay. 

is a statistical weight factor. 



The application of the Breit-V/igner relation to the ex- 
perimental results contained in this thesis is the subjeot of 
an intensive study now in progress by other members of the Nu- 
olear Shielding Group. As a result of this study, it may be 
possible to assign ^-values to all of the observed resonanoes. 
However this is not possible at the present time. This thesis 
summarizes the experimental procedure and the experimental re- 
sults obtained, but gives only a very general consideration to 
the theoretical aspects of the problem. 



PREVIOUS INVESTIGATIONS 



Shoupp, Jennings and Sun (Sh48), in 1947, investigated 
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the threshold end resonanoes in the C (p,n)N reaotlon and 
15 

the energy levels of H . This reaction Is the Inverse of the 
14 14 

N (n,p)C process Investigated by Barschall and Battat in 

1946 (Bsl46), Hughes and Sggler in 1948 (Hu48), Stabler and 

Huber in 1948 (St4 8), and Johnson and Barsohall in 1950 (Jo50). 

15 

The energy levels of N determined by these previous 

investigations were not in very good agreement. The threshold 
14 14 

of the C (p,n)N reaction was found by Shoupp etal. to be 

14 

0.664 +, .009 Mev. They used a thiok C target, a one-milli- 

14 

meter layer of BaCO^ powder containing 2.7 percent of C • 

The threshold energy was determined by extrapolating the ex- 

oitation function to the threshold by a method baaed on a yield 

equation developed by Stephens, Spruoh, and Sohiff (St47), 

whose work indicates that the neutron yield near the threshold 

3/2 

should vary directly with (Ep - E^) , where E p is the proton 

energy and the threshold energy. This theoretical relation- 
ship involves the assumptions that the reverse process, the 

14 

oapture of a slow neutron by N , obeys a 1/v law and that no 

resonances exist near the threshold. Subsequently Tollestrup 

14 14 

et al . (To50) have calculated the value of the C (p,n)N 

threshold to be - 671 Kev based on the best measured value 

of Q (626 Kev) from nuclear reactions and mass speotrographio 

measurements. This value of E+ is used in this work. 

14 

Shoupp et al . used also a thin C target to determine 
the resonanoes in the C^(p,n)N^^ reaction. This target was 
prepared by allowing CC >2 containing to reaot with a very 
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thin layer of Ba(0H) 2 which had been sprayed on a tantalum 

plate* This reaction produoed a small amount of BaCO- oon- 
14 3 

taining C • The beta aotivity was found to be 0.26 micro- 

2 

ourie per cm . About 2.7 percent of the carbon atoms were 

14 c 

C and the thickness of the BaCO^ was about 6(10)“° om. They 

estimated a target thickness of 3 Kev at a proton energy of 

1.14 Mev. This estimate of target thiokness is questionable. 

14 

The measurement of the C radioactivity to determine the 
14 

amount of C in the target is subject to considerable error. 

It is doubtful that the layer of Ba(0H) 2 which was sprayed on 

the tantalum backing plate was of ^uniform thiokness, but was 

more probably a non-uniform crystalline surface. There is also 

considerable doubt that all of the BatOH)^ was converted to 

BaCO, which would result in a thicker target than indicated 
3 14 

by the C radioaotivity. They observed strong resonances at 
1.14* 1.30, and 2.05 Mev and doubtful ones at 1.47, 2.21, and 
2.65 Mev. The confirmation of the doubtful resonanoes was 
impossible because of the lack of resolution of their experi- 
mental method. This laok of resolution is discussed in Chap- 
ter IV, "Experimental Results." They calculated the oross- 
seotion of the prooess to be about 0.7 barn for the top of the 
first resonance. 

The following reactions are known to ooour in nitrogen 
under bombardment by fast neutrons: 



14 

+ n 

wl4 

7 W ♦ n 



6C U 



P ♦ Qx 
« + <*2 . 



- 7 - 

7 7 

Using neutrons from the Li (p,n)Be reaction, Barsohall and 
Battat ( 3a 1*6) measured the cross-sections of these reactions 
for neutrons of energies between 200 and 1700 Kev. They ob- 
served resonanoes for neutron energies of 550, 700, and 1450 

Kev. 

Stebler and Huber in 1948 observed resonances for the 
14 14 

N (n,p)C reaotion for neutrons of 480, 640, and 1410 Kev, 

14 11 

and for the N (n,cr)B reaction for neutrons of 1410 and 1770 
Kev. 

More reoently, Johnson and Barschall measured the cross- 
14 14 14 11 

sections for the reactions N (n,p)C and N (n,a)B for 
neutron energies from 150 to 2100 Kev. Resonances for the 
(n,p) reaotion were found at 499, 640, 993, and 1415 Kev, and 
for the (n,a) reaction at 1415 and 1800 Kev. 

The positions of these resonances are tabulated in Table 
I for ready comparison. 

14 

Malm and Bueohner (Ma50) in 1950 investigated the N 
15 

(d,p)N reaotion with 1.4 Mev deuterons. The protons from 
the reaction were analyzed into energy groups by a high-reso- 
lution magnetic spectrometer. Their trajectories were looated 
by ascertaining where they struok a nuclear track plate lo- 
oated in the annular gap of a large annular magnet in a posi- 
tion diametrloally opposite to that of the target. Several 
groups of protons appeared, eaoh characterized by a specific 

energy. The differences in proton energy correspond to dif- 

15 

ferenoes in the excitation energy of the residual nuoleus,N , 
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and energy levels of this nucleus were determined at 5.276, 

5.305, 6.328, 7.164, 7.309, 8.315 Mev, all + 0.006 Mev. They 

also disoussed similar work by Guggenheimer , Eeitler and Fowell 

14 15 

(Gu47) and Wyly (?'y49), and the N (n,v)N work by Kinsey, 
Bartholomew, and V’alker (KI50). 

It has been generally assumed in the oonoept of the com- 
pound nucleus that the energy levels of a nucleus are the same, 
regardless of the process by whioh the nuclide is formed. How- 
ever, an insufficient number of nuolei formed by two or more 
different processes have been studied to establish beyond ques- 
tion the validity of this theory. Since the reported energy 
15 

levels of N formed by the two processes 



C 

N 



14 

14 



P 

n 




14 

N + n 
14 

0 ♦ P 



were not in very good agreement, it was considered worthwhile 
to restudy them with the greater resolution available with the 
Rockefeller electrostatic generator equipped with the nuolear 
resonanoe control of the analyzing magnetic field. The experi- 
ments on the first process are reported in this work. The se- 
oond prooess was studied concurrently here at M.I.T. by Hinohey 
and Stelson ( Hi 51) and their results along with those of these 

experiments are listed in Table IV, Chapter V. The energy 
15 

levels of N found in these two experiments are in excellent 
agreement and indioate the existence of three levels not pre- 
viously reported. 



10 - 



CHAPTER II 

APPaRaTUS *.HD TARQBT PREPARATION 

The Rockefeller Kleotrostatio Generator is an almost 
ideal source of monoenergetio protona or deuterons in the 
energy range of approximately 0,5 - 4.0 Mev as bombarding 
particles for nuolear reaotione. The principles of the gen- 
erator have been discussed in detail by Van do Graaff and 
others (Va3l) » (Va33), (Va48), (Tu35), end (H©37). A photo- 
graph of the Rockefeller generator with the pressure tank re- 
moved Is shown in Figure 1. A oross-sectional sketch of the 
generator is shown In Figure 2. The experimental set-up 
showing the proton beam analyzing magnet, rotating target 
holder, target, and long*dounter is shown in Figure 3. The 
center and right-hand sections of the generator oontrol con- 
sole are shown in Figure 4. The center and left-hand sections 
of the generator oontrol console, showing the nuclear reso- 
nance oontrol frequency meter, are Bhovm in Figure 5. This 
discussion Is limited to the energy, intensity, focus, analysis, 
resolution, and stability of the protons used in this experi- 
ment* 

The maximum voltage attainable is diotated by the dieloo- 
trio strength of the Insulating gas and the breakdown voltage 
of the oolumn and tube insulation. The maximum voltage ob- 
tained at the time of these experiments was 3.5 Mev. However, 
the generator has been on oooaslon operated at ♦ 4.2 Mev. A 
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Figure 1 

ROCKEFELLER ELECTROSTATIC GENERATOR WITH 
PRESSURE TANK REMOVED 



(This photograph was taken prior to the 
installation of the positive ion souroe 
and accelerator tube) 
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FipUTG 2 

ROCKEFELLER ELECTROSTATIC GENERATOR 
CR OSS - S ECTI OH..L DRA a IHG 



0 



GENERATING VOLTMETER 




HIGH VOLTAGE GENERATOR FOR NUCLEAR RESEARCH 





Figure 3 

SAPBHrJIfiNTiiL SET-UP 3HG.riNG 



(1) AiiALTZTNG JJAGitST, (2) ROTATING T,iH02T HOLDER , 
(3) TARGET, and (4) LOiRI COUNTER. 



The long counter Has been moved away from the 
target sufficiently to permit a view of the 
target. 
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Figure 4 

ROCKEFELLER GENERATOR CONTROL CONSOLE 

Proton Beam Mioroammeter shown on 
top of oentral aeotion. 
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Figure 5 

ROCKEFELLER GENERATOR CONTROL CONSOLE SHOWING NUCLEAR 
RESONANCE CONTROL FREQUENCY METER 



The General Radio Co. Model LR-3 Combined Hetero- 
dyne Frequency Meter and Crystal Controlled Cali- 
brator Equipment having an accuracy of 1 part in 
100,000 is shown on the table to the left of the 
console, and was used in these experiments. 
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radio frequency ion souroe is used. The protons are ejected 
into the accelerating tube by a repeller electrode. A maxi- 
mum current of about 20 microamperes of analyzed protons can 
be obtained. 

The ion beam from the source is fooused by a lens of 
adjustable voltage (50 Kev max.) located below the souroe 
orifice. At the lower end of the accelerating tube are two 
pair of adjustable entrance slits which limit the size of the 
beam passing through. A set of sixteen deflection rods, spaced 
at 22 1/2° intervals, is mounted inside the accelerating tube 
extension and connected to two D.C. voltage supplies. The 
rods are connected together by resistors, and the voltages 
applied to rods 90° apart form a directional field whioh main- 
tains the beam in the center of the slits. 

The beam then passes through an analyzing magnetic field 

o 

which deflects it through an angle of 90 • At the end of the 
analyzing ohamber, the beam is again limited in oroas-seotion 
by a pair of Insulated exit slits. Whenever the beam is not 
oentered on the exit slits a voltage differential exists aoross 
the slits, and this voltage is amplified eleotronloally and 
used for voltage stabilization. The beam entering the deflec- 
tion chamber in the magnet io field passes through the entranoe 
slits whioh are usually set at an opening of about 1 cm. x 
1 mm. Y/ith an exit slit 1 mm. wide, the size of the spot on 
the target is about 1.5 mm. x 1.5 mm., and the energy spread 
of the proton beam is of the order of 300 volts. 



- 22 - 



The magnetic analyzing field is stabilized to about 
•005$ by the nuolear resonance method* This method allows 
readings to be taken at intervals of about 0.2 kilovolt. 

Since the nuolear resonanoe frequency is proportional to the 
magnetic field, this device may be used as a measure of the 
magnetio field, and therefore of the energy of the proton 

beam. The energy of the beam ia proportional to the square of 
2 

the frequency, eg, E » kf . The proportionality constant, k, 

7 

was calculated from the Li threshold (determined by Herb 
(He49) to be 1.8822 Mev). The frequency corresponding to this 
energy is 10.485 me. Therefore: 

k - - 1.8822 „ 0.017121 - 17.121 KaY 

t 2 (10. 485) 2 (no) 2 (mo) 2 

o 

This value of k was used in these experiments. The accuracy 

of the measured value of the energy of the beam is limited by 

the variation of the value of k with energy «.02$), the ao- 

ouraoy of the frequenoy measurement (.002$), the width of the 

beam-defining slits (.15$ for 1 mm. slits, .075$ fo r 0.5 mm. 

si it 8 ) , the possible error in the value of k due to the uncer- 

7 

tainty in our determination of the Li threshold (0.1$), a 
drift in the value of k between calibrations (0.05$), and the 
use of the non-relativistio equations used in the derivation of 
the frequenoy-energy relationship «0.05$). The magnitudes of 
these errors are discussed in greater detail by 3ohoenfeld and 
Duborg (So51). They estimated that the energies of the proton 
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beams ere accurate to within 0.1$, relative to Herb’s measured 
7 

value of the Li (p,n) threshold. A disoussion of the principle 
and operation of the nuclear resonance magnet control is given 
in Appendix C. 

The generator voltage is stabilized by means of the oor- 
ona current to an assembly of seven sharp points looated near 
the high voltage terminal. The voltage differential existing 
across the exit slits is transmitted electronically to the 
oorona control system so that the beam remains on the target 
at the energy determined by the magnetic field. 

The neutron yield was measured by a long counter which 
is similar to the one described by Hanson and MoKibben (Ha47). 
This counter operates on the principle that neutrons striking 
the pe.raffin 1 ovrrouncln': the enriched TF counter will 
be slowed down so that the sensitivity of the device will be 
relatively independent of the energy of the incident neutrons. 
The geometry of the long oounter used in this experiment is 
shown in Figure 6. dllard ( v .i50) determined that the relative 
sensitivity of this counter increased from 0.9 at a neutron 
energy of 0.1 Mev to 1.0 at 1 J'ev and remained constant to the 
maximum neutron energy obtained. This sensitivity was obtained 
with the oounter axis parallel to the proton beam. Although 
it i3 not known how the sensitivity varies when the axis of the 
oounter is perpendicular to the proton beam (as used in the pre- 
sent work), such knowledge is not essential for the purpose of 
this experiment. The counter was placed a3 dose to the tar- 
get as practicable (3 cm. ) in order to subtend as large a solid 
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Figure 6 

CROSS-SECTIONAL SKETCH OF THE LONG COUNTER 




LONG COUNTER 
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angle as possible. 

The pul3es obtained from, the long counter were ampli- 
fied by a Model 101 preamplifier and Model 100 amplifier 
(B149) feeding into an Atomic Instrument Company scaler. 

The voltage of the center wire was maintained at 2240 volts. 
The counter was checked frequently against a 1 mg. radlum- 
berylium neutron source. 

The targets used in this experiment were prepared by 
Baird Associates of Cambridge, Massachusetts, by evaporation 
in vacuo of NaCN placed in a tantalum boat onto a tantalum 
baoking plate. A thin target prepared from ordinary NaCN was 
obtained initially and bombarded at considerable length to 
determine the durability of the target. The neutron yield 
from a traoe of lithium in the target remained constant dur- 
ing a bombardment of several hours, therefore the target pre- 
paration method appeared to be satisfactory and authority was 

obtained from the Isotopes Division of the A.E.C. at the Oak 

14 

Ridge National Laboratory to purchase two millicurie of C 
in the form of NaCN from Traoerlab, Ino. 

14 

A thin target of NaCN enriched In C was obtained. 

Upon bombarding this target with protons of energy up to about 
2.5 Uev, it was found that the target was contaminated with 
chlorine. The thickness of the target was estimated to be 3 
Kev based on the width at half-maximum of a well-defined ohlo- 
rine resonance. 

Traoerlab, Inc. then attempted to eliminate the chlorine 
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cont ami nation. A supply of NaCN containing ordinary carbon 

whioh had been deliberately contaminated with chlorine and 

then purified was obtained and a thin target prepared. A 

test run indicated that the chlorine contamination had been 

successfully eliminated, and a purified supply of NaCN con- 
14 

taining C was obtained and a second thin target of enriched 
NaCN was procured from Baird Associates and bombarded. A 
final run was made with a third enriched target, thicker than 
the first two, to get a neutron yield that was well above the 
background. 
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CILiPTSR III 
£XPjqi;iKNTAL PROCEDURE 



The target was mounted in a rotating target holder ec- 
oentrio to the proton beam. The long counter was placed at 
a distanoe of 3 cm. from the target with the axis of the coun- 
ter horizontal and perpendicular to tho proton beam. In this 

position the counter subtended a vertical arc of 106° and a 

14 

horizontal arc of 169°. Since the C enrichment of the NaCN 

was quite small (approximately 0 , 55 % of the NaCN target atoms 
14 

were C atoms) it was considered necessary to place the coun- 
ter as close to the target as practicable in order to obtain 
a reasonable counting rate. For a 3 Xev (6 x 10"^ cm) target, 
and using the 0.7 barn cross-section estimated by Shoupp et al . 
for the 1.14 ;.iev resonance, a maximum yield of 7.5 (10)^ nsu- 
trons per microampere of protons is estimated. 

For £ - 0 protons the neutron yield will be isotropic 
in the center of mass system and slightly forward in the lab- 
oratory system. For^^>0 protons the distribution is not 
known, nor was it determined in these experiments, but is is 
probably anisotropio. 

Hanson and KcXibben (IIa47) found the absolute sensitivi- 
ty of tho long oounter to be such that it would give about 1 
count for every 10^ neutrons emitted from a source placed at 
a distanoe of 1 meter from the front face of the oounter. 

The counter used in these experiments differed from that of 
Hanson and MoKibben in that the paraffin had a covering of 
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cadmium to absorb incident thermal neutrons therby reducing 
the background. The absolute sensitivity of the long coun- 
ter used in these experiments was not determined. 

It is understood that compounds containing a much 
14 

greater enrichment of C will soon be available from Oak 

14 

Ridge. A target with a larger percentage of C atoms would 
provide sufficient neutron yield to permit looating the coun- 
ter axially with respect to the proton beam and at a greater 
distance from the target. It may also be possible to study 
the angular distribution of the neutron yield. 

The operation of the long counter, amplifiers, and scaler 
was checked before end after each run by means of a radium- 
beryllium neutron source. A proton beam of 3 to 7 microamperes 
from the Rockefeller generator was directed onto the target. 

The proton energy was set and held oonstant by means of the 
nuolear resonance magnet control while the neutron yield for 
a riven number of protons was obtained. The number of pro- 
tons wes indicated by the beam current integrator, 400 mlcro- 
ooulombs being used at eaoh energy. In general the neutron 
yields were obtained at energy intervals corresponding to 10 
Ko on the nuolear resonance frequency control (i.e., about 
2.6 Kev at 1 Mev energy and about 4*5 Kev at 3 Wtev energy). 

In the vioinity of resonances, or suspected resonanoes, the 
intervals were reduced to 5 Ko or less. The conversion fao- 
tor of £o to Kev was determined from Table V in the Appendix. 

The neutron background was obtained by bombarding a plain 
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tantalum target over the same proton energy range In the 
first series of runs. In the runs made with the purified 
NaCN target, the back-ground was obtained during the runs by 
periodically closing the flap valve ju3t ahead of the target 
thus prsv3ntinc the proton beam from impinging on the target 
Since the beam current integrator was inoperative with the 
flap valvo closed, the average time required for 400 micro- 
coulomb counts was used as the timing interval. 
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CHAPTER IY 
EXPKRI’Cirr/X P^TTLTS 



Unenriched Soclum Cyenide Target, 

This thin target, prepared by Baird a ssociates by 
evaporating ordinary sodium cyanide in vacuo onto a tantalum 
backing plate, was used to determine whether the carbon would 
stay in place under prolonged bombardment with protons, Adam- 
son (AdJO) had found it necessary to deposit a thin layer of 
gold over the cyanide to prevent volatilization. 

The plot of the neutron counts per miorocoulomb for this 
target, Figure 7, showed a threshold at a proton energy of 

about 1.88 Mev and a resonance at about 2,26 Mev, both cherao- 
7 13 

teristio of Li , In addition the C threshold at about 3*26 
Mev found by Adanson (Ad^O) was also observed. Sustained bom- 
bardment at proton currents up to 10 microamperes proved that 
the method of target preparation was satisfactory, that the oar 
bon ; would stay in plaoe under prolonged bombardment, and that 
the gold foil cover used by Adamson was not required for this 
target. Over a period of several hours bombardment the neu- 
tron yield for a given proton energy decreased but slightly. 

The lithium contamination occurred in the target prepara- 
tion as lithium targets had been prepared in the evaporation 
apparatus immediately preoeeding the preparation of this target 
and the apparatus had not been cleaned thoroughly enough to re- 
move all of the lithium. The lithium in the target proved to 
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Figure 7 

7 7 13 13 

NEUTRON YIELD FROM THE LI (p,n)Be AND C (p,n)N REACTIONS 
13 

The C occurred In Its usual abundance In the 
unenriohed sodium cyanide target. The lithium 
was probably present as a contaminant inadvertently 
introduced during the evaporation of the target. 
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bo fortunate as it provided a number of well-defined peaks by 
which the neutron yield over a period of bombardment could 
be checked. 

First ^nrlchad Sodium Cyanide Tar-ot. 

A thin target (3 Kav at proton energy of 1.165 Mev) of 
14 

NaCN enriched in C v/as prepared by Baird Associates by the 
method described in Chapter II. This target v/as bombarded 
with an average proton bean of 5 microamperes at proton ener- 
gies from 0,975 Mev to 2.500 Mev. The plot of the neutron 
yield vs. proton energy is shown in Figure 8 by the solid 
line. Since this target exhibited a large number of sharp 
narrow resonances above a proton energy of about 1.64 Mev the 
target v/as believed to be contaminated with so: e heavier ele- 
ment. Dr. .i'C-t or of ttd Shielding C?rou; suggested that the 

37 

most likely contamination v/as Cl , 

A thin target of NaCl was prepared by Saird Associates 

and the neutron yield investigated by Schoenfsld and Duborg 

(Sc5l) using the Rockefeller generator as a source of protons. 

23 35 

Since the threshold energies of ha (V?h39) and Cl { ;h41) were 
well above the proton energies used, they did net enter into 
the reaction. Their results are shown plotted to the same 
proton energy scale but different neutron yield scale in the 
upper right corner of Figure 8. Th6 coincidence in the proton 
energies of the resonances is such as to leave little doubt 
that the NaCN target was contaminated with chlorine. The oon- 
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Figure 8 
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tamination was so severe that determination with certainty of 
14 

any resonances in C above a proton energy of about 2.15 Mev 
was impossible. However, as in the case of lithium contami- 
nation in the unenriched NaCH target, th6 chlorine contamina- 
tion served a useful uurpose. A well-defined chlorine reso- 
nance served to determine the maximum thickness of the target 

14 

from, which the width of the C resonance at a proton energy 
of 1.165 Mev was calculated. 

This resonance width was determined by a method described 

by Fowler etui, (Fo4S). The observed width at half -maximum 
37 

of Cl resonances is approximately 2 Kev at 1.875 Mev proton 
energy. This sets a limit of 2 Kev on the maximum target thick- 
ness at this energy which is corrected to 3 Kev at the 1.165 
14 

Mev of the C resonance. The measured value of tne width at 
half-maximum is p' - 8.5 Key. The true width of the energy 

level, P, is 

(s) P " \j^P^ } " ^ ~ (3) ** 8.0 Kev. 

By use of the neutron yield ratio, the thickness of 
14 

subsequent C targets was determined. This will be discussed 
in greater detail under the results obtained with subsequent 
targets. 

Investigation of the target preparation technique and 
equipment indicated that it was unlikely that the contamina- 
tion occurred during the target preparation, Tracerlub was 
notified that the NaCi'I supplied by them was contaminated with 
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what appeared t o be chlcra. .a. Th / agreed to Investigate 
immediately, altho 1 * ►iw* i Ihe certain that the contami- 

nation was not dua to their processing but was probably in the 
material aup^li'd la l . im bp Oak Ridge. In order to check the 
efficuc., o- li-cir x urificuc ion iecLnipute Trucerlub first sup- 
plieu a quantity oi ordinary Saoifl which hod been deliberately 
contaminated with chlorine and then purified. thin target 
was prepared in the usiul manner by Baird ^ssooiates and bom- 
barded in the region of proton energies between 1.960 Mev and 
1.990 iiev in 1 Kev steps, ihe neutron yield in this region 
showed no resonances hence this technique for the elimination 
oi chlorine wac considered successful, irscerld b then pro- 
ceeded ni h the uniicntion of the enriched liuCtf. 

14 14 

The neutron yitxd from the C (p,njd reaction obtained 
oy ItiJupp u^ . [ uiit+t ) is shown ty a uaslieu line on figure 8 
for comparison. .he cciuOiue ice in proton energies of the re- 
sonances is fair except fo_ the first milch uifiers by Kev, 
inis xuay be partially explained oy the lucn of resolving power 
of One experimental mo trod of onoapp et el . ineir locution 
and yield of tie fir ax resonance peak was based essentially 
on one point, end a width at half-maximum of 40 ^ 10 kev for 
this resonance nay be subject to oonsideraole error as no ex- 
perimexital joints were obtained along the sides of tu« reso- 
nance in the vicinity of naif -maximum. ^ reaonsnoe «vidth of 
this size does not seem consistent with the 3 Kev target reported 
unless there was a considerable spread in proton energies, whioh 
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there very v/ell nay fcuve been. This width of 40 ^ 10 ICev com- 
•nares vdth the 8 Kcv width at half-maximum for the first reso- 
nance found in the present experiments. This resonance is 
sho’m to an expanded croton energy scale with experimental 
points part o'f* Figure 9. The neutron yield in the proton 
energy region fnr. 1.870 ”ev to 2.150 Msv is shown to an ex- 
panded energy scale in part B of figure 9. Experimental 
point3 are not sho-m a3 they were token at proton energy in- 
tervals of 1 to 2 Kev and were connected by straight lines 
with no attempt et fairing the curves. 

Second r^riclied podium O^enlde Target. 

a second target of approximately the s'n.e thickness s 

the first target w s + ^e ^ M rJ fine II'- CIT :rriched 

14 

in C by the si..-. :.et) od used In the pm aioucly described 

targets. This rget -was bombarded with en average proton 

beam of 5 microamperes and energies from 1.065 iiav to 2.45 

Uev. The neutron yield vs. proton energy plot is shown in 

Figure 10. Although the resonance at about 1.115 Kev found 

14 

by Hinchey and St els on. (rfi51j in the N (n,n) reaction could 
not be verified with this target it was thought that with 
the higher neutron yield from a thicker target it might be 
found. Therefore its locution is indicated as No. 1 and the 
first resonance found in these experiments is actually sho\/n 
as No. 2. 

The No. 2 resonance, whose maximum cocure at a proton 
energy of 1.165 i'ev, is very narrow and well-defined, and has 
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Figure 9 

14 14 

NEUTRON YIELD FROM THE C (p,n)N REACTION WITH 
37 

Cl CONTAMINANT va. PROTON ENERGIES OF 1.155 MEV TO 1.175 MEV 
AND 1.870 MEV TO 2.150 MEV 



FIRST ENRICHED NaCN TARGET 



Neutron Yield from C (p,n) with Cl 
Contaminant vs^Proton -Energy 
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Figure 10 

14 14 

NEUTRON YIELD PRC*! THE C (p,n)N REACTION YS. 
PROTON ENERGIES OF 1.06 KEY TO 2.45 MET. 



SECOND KICKED NaCN TARGET 
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a true width at half-maximum of 8 Kev. The No. 3 resonance, 
whose maximum ocours at a proton energy of 1.310 Mev, while much 
broader than the preceding one, is nevertheless, quite well- 
defined and has a true width at half-maximum of 41 Kev. The 
widths of these resonances at half-maximum were calculated by 
the method described in the discussion of the first enriohed 
NaCN target. Since the experimental set-up was the same for ell 
targets and since the neutron yield at the No. 2 resonance (Ep = 
1.165 Mev) was the same for both the first and second enriohed 
targets, they were assumed to have the same thickness. The meas- 
ured width at half-maximum was 3.5 Kev whioh, when corrected for 
target thickness, gave the same resonance width, 8 Kev, found in 
the first enriohed target. In like manner the width at half- 
maximum of resonance No. 3 (E « 1.310 Mev) was measured to be 

r 

41.4 Kev which reduced to a true P of 41 Kev when corrected for 

the target thiokness at this energy. These resonances are show 

plotted to a much larger energy scale in Figure 11. 

14 

Weak C resonances occur at about 1.664 Mev, 1.789 Mev, 

and 1.883 Mev, as well as the strong ones at about 2.024 Mev 

37 

and 2.079 Mev. Sufficient Cl contamination remained in the 
14 

NaON to obsoure the C resonances at about 2.272 Mev and 2.451 
Mev. 

The background for this run is quite low and very steady. 

It was obtained during the run by dosing the flap valve Just 
ahead of the target, thereby intercepting the proton beam, but 
permitting the counter to measure the neutron background at the 
time and under the conditions existing during the run on the target. 
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Figure 11 

14 14 

NEUTRON YIELD FROM THE C (p,n)N REACTION IN 
VICINITY OF RESONANCES vVHGSE MkIIMOM VALUES 
OCCUR AT 1.165 WEV AMD 1.310 MEV. 
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Third Bnrlohed Sodium Cyanide Target . 

A third target of approximately three times the thick- 
ness of the first two targets of enrlohed NaCN was prepared 
in a like manner. This target was bombarded with an average 
proton beam of 5 mioroamperes and energies from 1.16 Mev to 
3.15 Mev, The results are plotted in Figure 12, and the ener- 
gy, amplitude and width at half-maximum of the resonances are 
tabulated in Table II. The oaloulations of resonance widths 
and target thioknesses are summarized in Table III. 

Sinoe It was believed that all the resonanoes had been 

found in the two previous runs with thin targets, the neutron 

yield was measured at intervals of 7 to 8 Kev exoept in the 

region of known or suspeoted resonances. In these regions, 

points were obtained at intervals of 2 Kev or less. A total 

of nine ^aonances in this energy range were found. Repeated 

efforts to locate the resonanoe at about 1110 Kev, (shown as 

resonance No.l) found by Hinchey and Stelson (H151) in the 
14 14 

N (n,n)N reaotion were unsuccessful. Resonanoe curves com- 
puted by the Breit-Wlgner formula are shown by dotted lines 
for resonanoes No. 2 and No. 3 for comparison. These curves 
were computed by equation (4) on page 4: 

(4) <J - ttA 2 {7.1 * 1)0^ 

J (E - E )2 TCL • 

At resonance (E - E^) the maximum oross-seotion (or neutron 
yield) will be: 
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Figure 12 

14 14 

NEUTRON YIELD FROM THE C (p,n)N REACTION 
vs. PROTON ENERGY OF 1.15 Mev TO 
2.60Mev. 
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and the 



161 ’’max " n ^ 2 l 2 ^* D 

oross-section j(or neutron yield) for a proton energy near 
reaonanoe will be 



(7) cr - 



r 2 / 4 



(E - E^ 2 * CJ? (S - %) 2 ~ £* 



* , . a f* - where 



4 1 



n, 



(8) A 2 . ( s ” E R)‘ 



The r used in these computations is the true f ' obtained from 
the experimentally measured f^ 1 corrected for the target thiok- 
ness at the proton energy of the reaonanoe by equation (5) on 
page 37s 




The coincidence of the Bre it- Signer curve with the experimental 
curve for resonance No. 2 should be noted. 

The resonances marked No. 7 and No. 8 on Figure 12 are 
shown to a larger energy scale in Figure 13. It is believed 
that these resonances are so close together that the neutron 
yield obtained for No. 7 is actually augmented by that of No. 

8, while on the contrary, No. 8 is influenced very little by 
No. 7. In order to obtain a truer picture of the yield and 
width at half-maximum of resonance No, 7, the low energy side 
of No. 8 resonance i3 drawn symetrioal with the high energy 
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Figure 13 

NEUTRON YIELD FROM THE C 1 ^(p,n)N lif REACTION VS, 
PROTON ENERGY OF 1.950 Mev to 2,200 Uev, 

THIRD ENRICHED NaCN TARGET 
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side whioh is preotioally coincident with the Breit-Wigner 
curve for this resonance. The contribution of No. 8 to the 
yield of No. 7 is then subtracted from the measured yield 
of No. 7 and a new resonance ourve for No. 7 is shown beneath 
it. This resonance is almost identical in shape with one 
oomputed using the Breit-Wigner formula, equations (4), (5)» 
(6), (7), and (8) above. 
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Table II 

The proton energies of the reBonanoe peaks, 2^, are de- 
termined from the plot of the experimental points* The tar- 
get thiokneas, E^, at the energy of resonanoe No* 2, is de- 
termined from the f 1 for this resonance {previously determ ined 
in the first and second targets) by the relation -^(P 1 ) 2 - (P) 2 . 
The target thiokness at the proton energies of the other re- 
sonances is determined by applying a oorreotion faotor (shown 
in Table III) obtained from Figure 12, Appendix B. The pro- 
ton energies of the reaonanoes corrected for target thiokness, 
2^, are obtained by subtracting half the target thiokness, 

! t , from the measured resonance peak energy, Ey. The /’“ l, a 

are determined from the plot of experimental points * The 

P • are obtained from /^and by equation ■Jd"") 2 - ) 2 - 

The neutron yields at resonance, y, are obtained from the 

15 

experimental plot* The excitation energies of levels in N 

are obtained by adding the proton energies of the resonanoes, 

E rt* 00rr60ted to center of mass system by multiplying by 

(14/15), to energy level of C ^ * p, 10*207 Mev above the 
15 

ground level of N • 
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TABLE II 

Proton Energy, neutron yield, target thickness, and width at 
ha If -maximum amplitude of resonanoes found in the 
third NaCN enriched target 

E r - Proton Energy at resonance peak maximum 

E^. - Target Thickness 

E rt " p roton Energy of resonance corrected for target thickness 
r* - Measured resonanoe width at half -maximum 
P - Energy level width at half-maximum 
Y - Neutron yield per microcoulomb at resonanoe peak 

E x - Excitation energy of levels in N"^ 
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Calculation of Target Thickness and Resonance Widths at Half-Maximum 



5-<o - 



•AOS - J 

~JT*H ^ 
RaPTft 9Tijl 
90UBUO&OH 


o 

to 


-4 

• 

H 

-4- 


ON 


17.7 


r-l 

»H 


cv 

a 


c- 

ca 

'TS 


20.9 


(V 

to 

rN 


•A©a - 

eons 

-uoboh 

seeuHotq^ 

leSxej; 


o 

to 


CV 

CS 


O 

vO 


es 

. 

«r> 


u> 


CM 

if\ 


r-i 


ts 

-4 


-4 

-4 


ioa.OM 

not^oexxoo 

/axons 

seensjofiui 


H 


O' 

o 


NO 

IS 

O 


cv 

ts 

o 


O' 

O 

O 


WfN 

NO 

O 


rs 

vO 

o 


O' 

w\ 

O 


*\ 

ICN 

O 


Aea - ?S 
-•AC2 

S9TT- a w 
ssoidiotiu 
^•S xej, 


o 

to 


o 

to 


o 

to 


o 

to 


O 

CO 


o 

to 


o 

. 

to 


O 

to 


O 

to 


•x*2 - »J 

UlUU 

-TXSH-jish 

oououosoh 

pexnsBep? 


«*\ 

3 


CV 

-4 


4 

to 

<■" s 


'O 

to 

rV 


O' 

t" 

H 


o 

to 

H 


o 

-4 

»r\ 


-4 

rH 

CV 


VO 

to 

SN 


•02/a©2 

xo^ooi 

txotsxoauoo 


f\ 

to 

cv 

o 


o 

o 

f\ 

o 


C> 

f\ 

O 


H 

rN 

O 


to 

KT\ 

fN 

o 


CM 

IS 

c-\ 

o 


O' 

ts 

CN 

O 


V) 

O' 

cn 

o 


3 

-4 

O 


•02 - *ui 

wtja 

eotrsnosoH 

pexnsoeR 


3 


o 

4 


4 

iH 


r\ 

ir\ 


o 

»r\ 


to 

-4 


CV 

4 


-4 

VN 


-4 

O' 


•A02 - 

£9xeua 

no^oxi 


»f\ 

s 

H 


s 

f\ 

H 


-4 

1 


O' 

to 

c» 

iH 


f\ 

to 

to 

iH 


vO 

CV 

o 

cv 


O' 

e» 

o 

cv 


CV 

E* 

cv 

cv 


rH 

4 


•on 

oououoboh 


(V 




-4 


v\ 


nO 


fr- 


to 


O' 


s 



M. 




57 - 



CHAPTER V 
00N0LPRI0M3 

15 

The same energy leTels in the compound nucleus N 

14 14 14 14 

can be excited by different reactions, C (p,n)N , N (n,p)C , 
14 11 

N (n,a)B . It is expeoted that the resonanoes in the yields 
U 14 14 14 

of the reactions C (p,n)N end N (n,p)C will ooour at 
14 14 

energies differing by the C (p,n)N threshold, * 671 Key 
(To 50). The positions of the resonances obtained in this 
experiment are compared with those obtained by others in 
Table IV. 

The agreement of this work with that of Hinohey and Stel- 
la 14 

son (H150) on the N (n,p)C reaotion, done concurrently here 
at M.I.T. is excellent. It should be noted in Table IV that 
all nine resonanoes found in each work are in agreement within 
the experimental errors, whioh, in eaoh oase, are quite small. 

In addition to this excellent agreement, three resonanoes, not 
previously reported in the literature, were found in both in- 
vestigations. 

The agreement of these experiments with those of Johnson 
and Barsohall (Jo50) is also excellent and the four resonanoes 
reported by them are in agreement within the experimental 
errors. The smaller experimental errors, especially in the 
case of resonance No. 8, is noteworthy. The (p,n) yield curve, 
Figure 12 of this work, is quite similar to the (n,p) yield 
ourve, Figure 3» la Johnson and Barsohall. 
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In comparing this work with that of Stabler and Huber 
(St48)f the four resonances they determined are in agreement 
within the experimental errors, but their large experimental 
errors should be noted. 

Kone of the three resonanoea found by Barsohall and 
fiattat (Ba46) Is in agreement, however, they listed no experi- 
mental errors. 

14 

In comparison with the C (p,n) work of Shoupp et al. 
(5h48) it is noted that only one of the six resonances they 
reported are in agreement, inspite of their rather large 
experimental errors. 

15 

A partial energy level diagram for N in the region 
between approximately 11 to 12.5 Mev above the ground state 
is shown in figure 14. It is believed to be much more com- 
plete and accurate in the region oovered than that shown in 

Hornyak, Lauritsen, Morrison and Fowler (Ho50). The most 

15 

accurate value of the neutron binding energy in N is be- 
lieved to be 10.833 + .007 Mev according to Li et al . (Li51). 

14 



This value establishes the level for N ♦ n, and by sub- 
14 

tract ing the 0 (p,n) threshold value of 0.671 Mev the 

14 

C + p level is determined to be 10.207 Mev above the ground 
15 



level of W 
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Figure 14 



15 



partial energy level diagram for n 



The proton energies of the resonanoes, E , 
shown in the ♦ p section are in the P 
laboratory system and when oorrected to the 
center of mass system and added to the ground 
level energy of ♦ p (10.207 Mev above 
ground level of N 1 ?) give the energy levels 
of n!5. 
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Appendix A 



Table Y - Conversion of Frequency to Energy- 
Kc/Kev. 



Appendix B 



Figure 15 - Proton Energy Loss per Unit 
Target Thickness vs Proton Energy. 



Appendix C 



Magnetic Field Regulation Using Nuclear 
Magnetio Resonanoe. 
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APH3TOIX c 

Magnetic Field Regulation Using Nuclear 
Magnetic Resonanoe 

For many years the fundamental standard for measuring 
the strength of magnetic fields has been the voltage generated 
by a coil cutting a magnetic flux or a force upon a wire 
carrying a known current. In the case of the magnet used for 
deflecting the proton beam, in the Rockefeller Eleotrostatio 
Generator neither of these methods is practical beoauae in- 
sufficient space within the uniform magnetic field is not 
available without redesigning the chamber, and because remote 
oontrol due to the high neutron flux is required. What has 
been needed in this case is a quantity which is readily meas- 
ured with precision and which is proportional to the oagnetlo 
flux. 

For this application the use of nuolear magnetic re- 
sonanoe is ideal, A fundamental and unohanglng property of 
atomic nuclei is used to relate the strength of a magnetlo 
field in which the nuolei are plaoed and a frequency. Atomic 
nuclei which have e resultant magnetic coment and angular momen- 
tum, if plaoed in a magnetlo field, will tend to align them- 
selves with the field. In the prooesB of approaching this new 
alignment, the dlreotion of the angular momentum vector of the 
nucleus must change, which results in a precession of the 
nucleus about the axis of the orienting magnetic field. It is 
the frequency of this precession which is the characteristic 
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that is proportional to the strength of the magnetic field. 

It is related by the expression CXV^y'Ho where Cd y 0 Is 
the radian frequency of this free precession, y is known as 
the gyronagnetio ratio, and Ho is the strength of the field. 

If energy is applied to the nuclei at a frequency, near 

the frequency of free precession, , preoeasion of the 
nuclei is induced at the frequency &V. The externally mani- 
fested characteristics of the phenomenon are similar to the 
characteristics of any of the more familiar resonant systems. 

The nuclear resonanoe phenomenon can be readily applied 
to the control of magnetic fields because a voltage can be 
obtained directly from the equipment used to detect the pra- 
oession hereafter called resonanoe. This voltage la propor- 
tional to the deviation of the magnetic field, Ho, from the 
equivalent-reference magnetic field, Href. Href, is a fictitious 
field that is proportional to the square of the measured, 
applied, reference frequency. For a control system, the dif- 
ference between the Href, and Ho is the error in the magnetic 
field, and hence, the voltage obtained from the nuclear re- 
sonance equipment is an error voltage. The error voltage can 
be used to control the current producing the magnetic flux 
and hence a precision magnetic field regulator oan be obtained. 

The use of nuclear magnetic resonance to control a mag- 
netic field can reduce the variations in magnetic flux almost 
as may be desired. Nuclear resonanoe field oontrol has been 
obtained which ranged in precision from the beat results of 
other types of oontrols, ie. , about one part in 30 thousand 
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by Buechner at M. I.T. , to batter than one pert in a million 
by Bitter, Wimett and Adams at M.I.T. 

The measured applied reference frequency is obtained 
from a Model LR-3 Combined Heterodyne Frequency Meter and 
Crystal Controlled Calibrator Equipment, manufactured by the 
General Radio Company of Cambridge, Massachusetts, This 
equipment has a frequency measuring range of 160 Ko to 30 Mo, 
and by harmonic extension, frequencies above 30 Me may be 
measured. The equipment consists of a single unit which in- 
cludes all power supply equipment, heterodyne frequenoy meter, 
crystal calibrator, detector-audio amplifier and interpolator 
(electronic frequency meter). It has an accuracy of 1 part 
in one hundred thousand which therefore sets the maximum 
aocuraoy of the proton resonance equipment. 

For a oomplete description of nuclear resonance, both 
from the quantum meohanlcal point-of-view and from Newtonian 
physios, the reader ie referred to the thesis, "Precision 
Magnetic Field Regulation Using Nuclear Magnetic Resonance," 
by F.A. Hadden, U.I.T,, February, 1951* from which moat of the 
above description was obtained. In addition to the above 
description, the equipment, control system, nuclear resonanoe 
parameters, and practical considerations in construction are 
also discussed at length. 
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